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Animal Models of Ebola and Marburg Viruses

Mice
- ZEBOV (i.p. route
only)
- MARV???
Nonhuman Primates (NHP)
Guinea pigs - Rhesus monkeys (ZEBOV,
(Strain 13, Outbred) MARV's)
- Cynomolgus monkeys
- ZEBOV (ZEBOV, SEBOV, REBOV,
- SEBOV? MARV'S)
- MARV-Musoke - African green monkeys
- MARV-Ravn (ZEBOV, MARV'S)
- MARV -'67 - Hamadryas baboons

(ZEBOV)



Filovirus — Postexposure Treatments

Compound 7/ Drug Mouse  G.Pig NHP Human
Ribavirin NT No No NT
S-adenosylhomocysteine Yes NT No NT
rIFN-alpha Yes No No NT
rlFN-beta Yes NT No NT
Equine 1gG Partial Yes No ?
Convalescent blood NT NT ? 7/8
rHuman monoclonal ab NT Yes 0/4 NT
Antisense Yes Yes NT NT
SiIRNA NT Yes NT NT
rNAPc2 NT NT Partial NT
rhAPC (Xigris) NT NT 2/11 NT

VSV vaccine NT NT 5/5 (4/8) NT



Fibrin Deposition in Spleen of Ebola-Infected Animals

Cynomolgus macaque Guinea pig Mouse



NHP Species Used for Filovirus Studies

Rhesus Cynomolgus African Green Monkey

Cost (Primate Products, Inc):

African green monkey: $2,500
Cynomolgus macaque: $4,000
Rhesus macaque (Chinese origin): $4,500



Rhesus Macaques

Subspecies

- Indian Origin

- Chinese Origin

Human-Rhesus Macaque
sequence identity is ~ 93%



Cynomolgus Macaques

Philippines, Vietnam, China, Indonesia Mauritius

Krebs et al. (J Immunol 2005) defined 66 MHC 1 alleles in cynomolgus macaques of Chinese,
Vietnamese, and Mauritian origin. Most MHC 1 alleles were found only in animals from a
single geographic origin, suggesting that cynomolgus macaques from different origins are

not interchangeable in studies of cellular immunity



African Green Monkeys

Lack of Macular Rashes

- Marburg (Popp), 1.p. (Simpson, 1969)

- Marburg (Popp), s.c. (Haas et al. 1971)

- Ebola-Zaire ('76), i.p. (Bowen et al., 1978)

- Ebola-Zaire ('76), 1.p. (Davis et al., 1997)

- Ebola-Zaire ('76), s.c., (Ryabchikova et al., 1999)
- Ebola-Zaire ('76), i.m. (Rassadkin et al. 2000)



NHP Species Used for Filovirus Studies

Rhesus Cynomolgus African Green Monkey
Pathogenesis: 22 Pathogenesis: 10 Pathogenesis: 11
Vaccine: 2 Vaccine: 8 Vaccine: O

Treatment: 8 Treatment: 2 Treatment: O



Disease Course In Filovirus-Infected NHP

1000 pfu, i.m. injection

Filovirus Species Number | Mortality | Mean Day of Death
Ebola-Zaire ('95) Cynomolgus 36 100% 6.6 (Mode = 6) (range 5-9)
Ebola-Zaire ('95) Rhesus 25 100% 8.4 (Mode = 8) (range 7-10)
Ebola-Sudan (Gulu) | Cynomolgus 4 50% 8.5 (7, 10)
Ebola-Sudan ('76) Cynomolgus 5 100% 7.6 (Mode = 8)
Ebola-Sudan ('76) Rhesus 1 100% 17

Marburg (Angola) Cynomolgus 1 100% 8

Marburg (Angola) Rhesus 6 100% 7.3 (Mode =7)
Marburg (Ci67) Cynomolgus 4 100% 7.8 (Mode = 8)
Marburg (Musoke) Cynomolgus 4 100% 9 (Mode = 9)

Marburg (Musoke) Rhesus 4 100% 11.3 (Mode = 11)
Marburg (Ravn) Cynomolgus 1 100% 8




Route of Exposure vs. Disease Course

1976 Outbreak of Ebola-Zaire

Injection

Mean incubation period: 6.3 days
Mortality: 100% (85/85)

Contact Exposure

Mean incubation period: 9.5 days
Mortality: 80% (119/149)



Challenge Dose vs. Disease Course

EBOV-Zaire Cynomolgus disease course — 1000 pfu, i.m.

l Terminal

Fever, Viremia,
Rash, Anorexia

T
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Terminal

EBOV-Zaire Cynomolgus disease course — 10 pfu, i.m.




Challenge Dose vs. Disease Course

MARV-Angola Rhesus disease course — 1000 pfu, i.m.

l Terminal

Fever, Viremia,
Rash, Anorexia
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MARV-Angola Rhesis disease course — 40 pfu, i.m. Terminal




Ebola Pathogenesis Study Design

d1l

21 Cynomolgus

macaqgues /./ d?2
4 d3

I.m. injection ‘ A
™~ d 4
4
d5
d 6
1000 PFU




Marburg Pathogenesis Study Design

18 Cynomolgus macaques q 2

r> 3 a4
3
J 1496

I.m. injection

d7

d 8

1000 PFU MARV (Ci67)



Organ Infectivity Titers - Ebola
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Ebola Antigen in Spleen

Day 4 Day 5



Filovirus Infection of Monocytes/Macrophages and Dendritic Cells
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Lymphocyte Apoptosis -Filoviruses

Ebola Marburg
Control Day 4 Day 4 Day 6

Ebola Ebola Marburg



LIVER

Marburg Ebola

Marburg Marburg

6 6

Days after challenge Days after challenge




Disseminated Intravascular Coagulation (DIC)

« Two major mechanisms trigger DIC:
— widespread injury to endothelial cells

— release of tissue factor or thromboplastic
substances into the circulation

e Consequences of DIC:

— Widespread deposition of fibrin within the
microcirculation may lead to ischemia and/or
hemolytic anemia resulting from fragmentation of
RBCs as they squeeze through narrowed
vasculature

- Hemorrhagic diathesis resulting from consumption
of platelets and clotting factors and activation of
plasminogen



Lack of evidence for role of endothelial cells as a trigger for DIC



Serum Proteins in Ebola-Infected Monkeys
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Coagulopathy EBOV vs MARV-Infected NHPs

Concentration ng/ml
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Duodenal Lesion Day 4

Day 3

Day 5

Gastroduodenal junction, d3-5 PE.
Progressive hemorrhage/congestion of
the proximal duodenum beginning at the
pyloric sphincter and extending distally
through the duodenum.



Fibrin deposition in EBOV-infected NHPs

Spleen - day 4 Kidney - day 4



Disseminated Intravascular Coagulation (DIC)

« Two major mechanisms trigger DIC:

— widespread injury to endothelial cells

— release of tissue factor or thromboplastic
substances into the circulation

e Consequences of DIC:

— widespread deposition of fibrin within the
microcirculation may lead to ischemia and/or
hemolytic anemia resulting from fragmentation of

RBCs as they squeeze through narrowed
vasculature

- hemorrhagic diathesis resulting from consumption

of platelets and clotting factors and activation of
plasminogen



The Role of Tissue Factor in Ebola Infections

TF* microparticles (NHP) TF* PBMC (NHP)

Primary human monocytes/macrophages
Control Ebola-infected

.-

Tissue Factor -

L32

GAPDH

1 24 96 48 1 24 48 96

Primary human monocytes/macrophages



Marburg HF versus and Ebola HF in cynomolgus monkeys

Similarities

 Early target cells: Monocytes/macrophages and dendritic cells

 Loss of lymphocytes in circulation and in lymphoid tissues by
apoptosis

e Increased plasma levels of proinflammatory cytokines/chemokines,
e.g., IL-6, MCP-1

Differences

 Fibrin deposits in tissues are less prominent in MARV HF
 Thrombocytopenia is not as dramatic in MARV HF than in EBOV HF

e Temporal difference in disease course with many changes in
biomarkers in MARV HF occurring at later time points (closer to
death)

e Liver more involved in MARV HF than Ebola



Extrinsic Pathway
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Extrinsic Pathway

Intrinsic Pathway
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rNAPc2-treated d10

Placebo control - d9



Plasma Levels of Protein C

EBOV-Infected Macaques Human Severe Sepsis Patients
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A rapid decline in plasma protein C levels occurs in EBOV infections

e This decline is concomitant with disease progression

e Decreases are observed before the development of clinical disease

» A drop of 40% of APC in severe sepsis is a significant predictor of poor outcome



Recombinant human activated protein C (rhAPC)
(Drotrecogin alfa [activated]; Xigris®)

« rhAPC is a complex 60 Kd serine protease with 4 types of post-translational
modifications

« The approved Xigris dose for severe sepsis is 24 ug/kg/hr for 96 hrs

- Highest NOAEL* from toxicology (in monkeys) and in phase 1 studies is 48
ug/kg/hr

e The antithrombotic activity of APC is highly species specific (i.e., rhAPC has much
lower antithrombotic activity in nonhuman primates)

— NHP are the most relevant species for testing Xigris besides human

Could rhAPC have utility in treating Ebola HF?
Activated Protein C has a very short half life ~ 13 min

e This will require the continuous
administration of drug to NHP
under a BSL-4 setting

* NOAEL - No Observed Adverse Event Level




Recombinant Human Activated Protein C Treatment Study

Xigris

48 ug/kg/hr

1000 PFU Ebola-Zaire

Control

» 3 separate studies performed
e Controls n=3; Treated n=11



Survival

All 3 controls succumbed on day 8

Percent survival

- Treated

Treated nonresponders

Treated responders

Days after challenge

- Study controls - Historical controls

Mean survival = 12.6 days versus 8.3 days for
historical controls (P= 0.049)

Results similar to rhAPC in humans
(relative reduction in risk of death
IS 19.4% and absolute reduction in

risk of death is 6.1%)



A Vaccine as a
Postexposure
Treatment?

d 6000 °




Common Denominators of Survival
In Filovirus-Infected Macaques

e Maintenance of D-dimer levels
e Maintenance of protein C activity (> 50%)

e Maintenance of levels of proinflammatory /
procoagulant cytokines (e.g., 1L-6)

e Low viral load






Progress on VSV-Based Filovirus Vaccines

What about an aerosol challenge?




Progress on VSV-Based Filovirus Vaccines

e Single i.m. vaccination with VSV-Ebola-Zaire protects cynomolgus
monkeys against an aerosol challenge with Ebola-Zaire

e Single i.m. vaccination with VSV-Marburg (Musoke strain) protects
cynomolgus monkeys against an aerosol challenge with Marburg (Musoke
strain)




Injection vs. Aerosol

Virus Route Number | Mortality | Day of Death
Ebola-Zaire ('95) |i.m. injection |36 100% 6.6 (Mode = 6)
Ebola-Zaire ('95) | aerosol 3 100% 7.3 (7,7,8)
Marburg (Musoke) | i.m. injection |4 100% 9(9,9,9,9
Marburg (Musoke) | aerosol 2 100% 11.5 (10,13)




Model of Filovirus Pathogenesis in Primates

Adapted from Fields Virology, 2006



Summary of Clinical Features Filovirus Infection

Feature Mouse Guinea Pig African Cynomolgus | Rhesus Human
Green Macaque Macaque

Fever No Moderate Yes Yes Yes Yes

Peak viremia 1078.0-9.0 1075.0 1075.5-6.5 1076.0-7.0 1076.0-7.0 1076.5

t liver enzymes Yes Yes Yes Yes Yes Yes

Lymphopenia Yes Yes Yes Yes Yes Yes

(process of lymphocyte (PCD-like (?) (Classical (Classical (Classical (Classical

death) apoptosis) apoptosis) apoptosis) apoptosis) apoptosis)

Neutrophilia Yes Yes Yes Yes Yes Yes

Thrombocytopenia Modest Yes Yes Yes Yes Yes

Macular rash No No No Yes Yes Yes

t blood clotting times No Yes Yes Yes Yes Yes

t levels of D-dimers NT NT NT Yes Yes Yes

Fibrin deposition No Minimal Moderate Yes Yes Yes

t Nitrate levels NT NT NT Yes Yes Yes

In vivo target cells Mono/Mac, Mono/Mac, Mono/Mac, Mono/Mac, Mono/Mac, Mono/Mac,
DC?, hepat DC?, hepat | DC?, hepat DC, hepat DC, hepat DC, hepat

Increased levels of IL-6, TNF-a NT NT IL-6, TNF-a, IL-6, IL-10, IL-6, IL-10,

circulating cytokines IFN-a TNF-a, IFN-a | TNF-a, IFN-a
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